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CHARTS FOR HELICOPTER- PERFORMANCE ESTIMATION 
By Herbert W. Talkin 

SUMMARY 


Charts are presented relating helicopter aerodynamic 
design variables to performance in steady powered flight. 

The flight conditions covered are hovering, climb, and 
horizontal flight. Helicopter speed and lifting rotor- 
power can be found from the charts for known values^ of 
fuselage drag coefficient and an average effective blade- 
element drag; coefficient 5. An abbreviated method for 
estimating “6 from the airfoil polar is explained. ^ 

Although the main emphasis of the report is on relating 
the design variables to performance, brief consideration 
is given to the effects of a number of secondary vari- 
ables, among which are the number of blades, the rotational- 
energy loss, and the blade shaoe . An approximate method 
for estimating the conditions for blade stall is also 
explained. 

The use of the charts is illustrated by numerical 
examples in order that computations can be made for 
particular problems. 


INTRODUCTION 


Existing helicopter aerodynamic-performance theory, 
like nropeller theory, is useful for the correlation of 
data and the selection of designs. The large number of 
variables affecting helicopter performance, however, 
leads to computational difficulties. As in all such^ 
cases, computation can be reduced by the use of graphs 
showing the relations among the essential parameterc » 

In the present paper, equations for such graphs are 
derived and the use of the resulting charts for per- 
formance computation is explained. 
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The primary purpose of the report is to present, 
for numerical application, the relations among the 
aerodynamic design and performance parameters. The actual 
performance of a given helicopter is influenced hy a 
number of secondary parameters, any one of which has only 
a small effect on the over-all performance but the 
quantitative estimation of which presents great diffi- 
culties. When the design variables have been selected 
for a given helicopter, however, it is only by means of 
the secondary parameters that the efficiency of the heli- 
copter can bo improved. For this reason the secondary 
parameters or efficiency parameters are the proper subject 
of basic helicopter research. Since the efficiency 
parameters used herein ore for the most part idealized 
or neglected, the numerical results obtained are con- 
sidered to be only approximate in absolute value but to 
give a true representation of the relations among the 
design parameters. The results should therefore be of 
practical assistance in comparative performance studies. 
The accuracy with which the performance must be predicted 
in a given case will determine the extent to which the 
efficiency parameters should be investigated. At a 
number of places in the report secondary parameters have 
been briefly discussed. Only the following should be 
considered design parameters i 

Y helicopter speed parameter 

blade tip-speed parameter 

F rotor-power loading parameter 

6 average effective blade-element drag coefficient 

C_ fuselage drag coefficient 

D f 

o rotor solidity 

The text of this paper is divided, for convenience, 
into numbered sections. In section 1 a general equation 
for the aerodynamic performance of helicopters in steady 
flight is derived from familiar helicopter theory. In 
sections 2 to 5 the general equation is applied to the 
construction of graphs for the solution of problems in 
horizontal flight and climb and the numerical applica- 
tion ot the charts is explained. The special problem 
of the conditions for blade stall in horizontal flight 
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is considered in section 6. In sections 1 to 6 the 
problems have been idealized by the use of an average 
effective blade -element drag coefficient and by neglect 
of the rotational -energy loss and the loss due to finite- 
blade number. Methods 'for estimating these factors are. 
developed in section 7* Finally, in section 8, a numerical 
example for a typical helicopter is worked out to illus- 
trate the application of the charts and methods developed 
in the report. The example is so arranged that computa- 
tions can’ be made for a given problem without referring 
to the body of the report. Symbols are defined in the 
appendix. 


1 . GENERAL THEORY 


A general equation for the aerodynamic performance 
of helicopters in steady powered flight is derived by 
a procedure similar to that of reference 1. First, an 
expression is written for the power required to produce 
a jet of air through the rotor disk in the absence of 
blade drag. This power is a function of the inclination 
of the disk to the air stream. The angle of inclination 
of the disk is then determined to provide a horizontal 
component of thrust equal to the component of the total 
helicopter drag. Next, an expression is obtained for the 
power increment arising from the rotor torque due to 
profile drag of the blades. Finally, the total power 
required for flight is expressed in terms of fundamental 
parameters . 


Part of the rotor power is used for producing a jet 
of air; the remaining power is used in overcoming the 
blade profile drag, that is 


P = + Pg (!) 

where 

p rotor power, foot-pounds per second 

p i induced power (rotor power producing thrust) 
Pg power lost in blade drag 
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The power imparted to the thrusting jet is equal to the 
thrust multiplied by the resultant velocity at the rotor 
disk in the direction of the thrust. (See fig. 1.) 


p. = T(v )- V sin a) 
x 


( 2 ) 


whe re 

T rotor axial thrust 

v induced axial velocity in the rotor disk 
V velocity of the helicopter along its flight path 
a angle between rotor disk and flight path 

From figure 1 it may be seen that 

T - — - — + ~V 2 C _ A sin a (3) 

cos Y 2 D f 


whe re 

w gross weight of the helicopter minus the fuselage 
lift 

y angle between rotor disk and. horizon 

A rotor-disk area 

p mass density of air at altitude 

Combining equations (2) and ( 3 ) and making use of 
the relation a ~ a^ + y gives 

Pi - W 


+ 


cos y 


V^sin a n + cos tan y) 


+ — V 2 ^ A(v + V sin a) sin a 


'D. 


(b) 


f 
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It will be found convenient to approximate equa- 
tion ( 4 ) by the simpler expression 


r> 1 = w 


v + Y^sin a n + cos a, tan yj j + —V'C^ A sin^a^ ( 5 ) 


Reference to figure 1 shows that 


t an y 


E- 


h 


( 6 ) 


where 

Dp horizontal component of helicopter drag, pounds 

In order to obtain a solution for tan y, the con- 
tributions of the fuselage and rotoi disk may be sepa- 
rated; thus 


D,„ " D- E, 

l bj.-, .. 


{ 7 
\ f 1 


where D, 


iU 


and 


Dp apply to the fuselage and rotor 


disk, respectively. 

In deriving an expression for D, , several apnroxi 

n 5 

mations are made, as follows: 

(a) The induced velocity is neglected. 

(b) The velocity over the blade sections is 

approximated by the component normal to the 
blade and in the plane of the disk. 

(c) The value of Cu is approximated by its com- 


ponent in the'' disk; that is, cos y = 1 . 

Although these approximations are all optimistic, they 
are considered to result in a negligible decrease in 
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the total rotor power required by the helicopter for 
flight. 

For rectangular blades and constant blade-element 

drag coefficient c^ , 

o 

= ,-t-bcc^ R i d\lf / (V cos sin \j/ + QRx^ sin\J/dx (8) 
*0 % 


where 


b number of blades in rotor d3 sk 

c blade chord. 

\j/ angular position of blade in plane of rotation or 
blade azimuth measured from down-wind position 
in direction of rotation 

Q rotor angular velocity 

R rotor disk radius 

x radius ratio 

r radius to a point on the rotor blade, feet 

Integration of equation (8) gives 


J h 


_ = £ ao . Avi aos z 

5 4 4 -a 


where 

a 


, f bc\ 

rotor disk solidity pj 


V cos 
^ " OR 
Also , 


D h f = 2 C D f Av2 003 G ] 


( 9 ) 


( 10 ) 
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where 


C 


D, 


helicopter drag coefficient along flight path, 
exclusive of rotor blades, based on rotor-disk 
a re a A 


It follows from equations (6) to (10) and figure 1 that 
for any steady flight condition 


tan 


p 0 v 2 

r = — y 



CLi 



cos a n 


( 11 ) 


where is the mass density of air at sea level and 

Y is the flight-speed parameter. 


Y - v,/x 


A P 


7/ P, 


0 


On the basis of the aoproxiinati ons made in setting 
up equation (8), the power ( relative to the helicopter) 
absorbed in the profile drag of the rotor is given by 


2 rr 


P-5 ~ j~bcc d QP 2 / dil/ (V cos a-, sin ii/ + CaRx^x dx 
^0 ^0 


Therefore 


p 5 


_ P „ 

~ H ao d. 


Z ] + ')' 


2 


.,3 


eos^a-i 


( 12 ) 


The expression for tan y from equation (11) is sub- 
stituted in equation ( 5 ) to obtain p„ and, with p, from 

X J o 

equation (L 2 ), there is ultimately obtained from equation ( 1 ) 


550 ? = y(| + sin ah + 


- ac d 

Y > -(I + 5p 2 ) ccs^a 1 


i-'D f - 


L * ^ 
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who re F 


is 


-,/ 1 - 

www p o 


and is equal to 


550Mv^ 

the "figure of merit" of Glauert (reference 2). 
of thrust and torque coefficients 


with M 
In terms 


F = O.OJ73 


& 




/2 


where 

0^ torque coefficient 


JL 


.pARtQR) 2 , 


Ciji thrust coefficient 


pA(QR) 


w\2 


The use of approximation (b) in the derivation of 
equation (13) results in some error, A more nearly exact 
analysis not involving assumption (b) has been made in 
reference 3 from the results of which it is concluded that 
in equation ( 13 ) the coefficient of p2 should be approxi- 
mately Ij.,6 instead of 3 • With this change, and for any 
blade shape, equation ( 13 ) becomes 


■ • - ) + V, 


550F = Y<J + sin ciq J + 


2 


'-'Dp 


go 

kv? 


(1 + lj..6p 2 ) cos^aq 


( 111 ) 


where 


8 rotor-blade average effective profile-drag coefficient 

(see section Ja) 

a equivalent solidity 


a 


x 



1+ 



0 



solidity at 



The choice of the definition for a is based on the 
prof ile-drag power loss in vertical flight, where it apolies 
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exactly. That o is also a good approximation for horizontal 
flight Is shown by the negligible effect of blade taper on 
the stalling limit aYt 2 in section 6. 

An expression for v/V needed for the solution of 
equation ( 14 ) is obtained from the general momentum equation 
assumed for the thrust of an "actuator disk" in reference 2 


W ~ T = 2pAB 2 vV» 


( 15 ) 


in which 3 has teen introduced as a correction for the 
tip effect due to finite-blade number. Values of B are 
derived in section r , fc . The resultant velocity at the 
rotor V’ is the vector sum of the translational and 
induced velocities 


V« 2 = (v + V sin <x)2 + V 2 


cos^a 


(1 6) 


Eliminating V from equations (IB) and ( 1 6 ) and making 


use of the definition 7 = V J~ gives 

/ " H 0 


V _ 


2p Q E 




© ♦ a? sin « ♦ 1 


(17) 


2. HORIZONTAL FLIGHT 


Deri vatlon .- In horizontal flight, cos aq = 1 and 
e qua tiori (I'q) be c ome s 


550P h = (rih + (o Df;i + <u 1 + ' ' 6l * 2 


i 5 
4F 


( 18 ) 


Values of vq/V^ in equation (l3) may be obtained 
from equation ( 17 ). If — ■ sin a is considered negligible 


V, 


h 

compared with unity, equation ( 17 ) reduces to 
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(19) 


Fume rl c al anp li c at 1 on . - In the following explanation 
of a method for the numerical solution of problems on 
horizontal flight the application of equation (l8) is 
shown. The power-loading parameter can be expressed as 
the sum of several contributions which, are described, 
together with graphical means for obtaining them. 


The induced power-loading parameter for horizontal 
flight is given by the first term on the right of equa- 
tion (l8) and is represented by 


Then, 





F 


i 


h 


Zh 

v h 950 


( 20 ) 


A plot of Fv against Yv, 
1 h ' n 

and (20) is given in figure 


obtained from equations ( 19 ) 

2 , 


The drag contributions to are given by the 

last term in equation (18). The total helicopter profile- 
drag coefficient is represented in this term by the coef- 
ficient of ^ Pq/2) which is separated into the part 

contributed by the rotor blades o5 

due to the rest of the machine Cp . T : iie fuselage -drag 

^h 

contribution to F^ may be represented by 


6p g 


and that 



Li [K~JL 
w v w p o 
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where Pf is the horsepower required to overcome fuselage 
drag. Then, from equation (18), 


" f h _ p 0 Y ^ 
Cn„ 1100 h 


( 21 ) 


^fv 


Equation (21) is plotted in figure J. 

Let the rotor-blade profile-drag contribution to F 
be represented by 


h 


F 5 " W l/W P 


p 5 , A P 


0 


where is the horsepower loss due to blade profile 

drag. From equation (lS) 


p = 21 1 + h ■ op 2 ' 3 

6 8 550 g? f h 


( 22 ) 


Substituting in equation (22) the value p 


_ x h 


vT gives 

u 


F s = T ^5 d + 


or 


Po Y t' 


C6('l + lj..6p 2 ') I4J4OO 
Equation (23) is plotted in figure I4. 


(23) 
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It will be recalled that equation (l8) has been 
developed for an actuator disk and therefore does not 
allow for the rotational-energy loss in the wake of 
single-rotation rotors nor, with B = 1, for the tip 
loss due to finite-blade number. These small effects 
are evaluated in sections 7b and 'Jc, respectively, in 
terms of F rot , the increase in F due to slipstream 

rotation, and F b due to finite-blade number b. 

The summation of the contributions to F b gives, 
in the order in which they have been explained, 


F h = F i h + F f h + p S + F rot + F b ,2 W 

The numerical application of equation (2li) is illustrated 
in section 8b. 

The effect of blade shape in equation (2li) has been 
considered only Insofar as the plan form affects the 
value of o used in calculating F^. Blade shape will 

also have some effect on the induced power- loading 
terms F^, F rot , and F b . 


3. HOVERING AND VERTICAL CLIMB 


Derivation . - In verti cal climb, sin a-j = 1 and 
equation (llq) becomes 


550P C = ( y~ * 1 ) -v - 


v iv„ 2 -D fv V + # 08Y t (2 5> 


Likewise, from equation ( 17 ) 



(26) 
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Eliminating v y /V v from equations { 25 ) and (26) gives 




50F V = 







(27) 


The effect of the induced velocity 2v v in increasing 

the fuselage drag and, therefore, the thrust has not 
been allowed for in equation (2?)» This increment in 
thrust is generally small in hovering and decreases with 
increasing rate of climb. 

E ffects of blade plan form and twist . - Equation ( 27 ) 
does not include the effects of blade plan form and twist. 
When the deterreinati on of these effects for a narticular 
blade is desired, element calculations may be made. For 
that purpose, blade-element formulas are developed herein 
.from the vortex theory of reference Jq. The small rota- 
tional interference factor a f will be neglected and 
the rotational-energy loss will be covered in section 7b. 
Then, from reference 4, in the notation of the present 
paper and with a' =0, 


and 



dx 


a x 2 

2 (% cos fl 



sin 


0 ) sec^-fl 


(23) 


dC ^ 

17 = (% sin 0 + % cos 0 ) sec d 0 (29) 

Also, 


7 cos 0 
L x 


c, sin 0 

a o 


V V + V v 8x 3in^0 

i + v v + V v °x 


(30) 
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and 


For small values 
mately 


where 


and equation (52 


Eliminating v v 


i . , „ _ LlRx tan 0 

1 + v v + V v 


(3D 


°l x - a( v 8 X “ $) 


(3 2) 


of these equations become approxi- 


dC 


T 


dx 


.A 

2 °h 


dx 


a x x 5 


+ c d 0 ) 


(3k) 


\ + V v 


1 + V v + v v 


Qx£ 


a 




(55) 


1 + v v + V v " "T~ 0 


v 


v 


( 3 ^) 


) remains unchanged; then 


H x = - « 

+ V v from equations (35) and (36) gives 


0, r C 7 ~ . 

- _ii* -JEs* — (37) 

' Gx QRxjZf - V, 


v 
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0 = 




x 


2x 


(38) 


Solving for c, from equations (32) and (38) give* 


7 

_ 

“ h 


86 + j-— 


- (> 


169 Z + 3~ 


(39) 


Also, substituting equation (38) in equation (3I1J gives 



dx 2 



+ d Oj 

x d- 


(40) 


For blade- element calculations in vertical climb, equa- 
tions ( 32 ), ( 33 ) > ( 3 ).' ) , and ( 38 ) apply and in hovering, 
equations ( 33 ) > (39) > and (I/O).. Graphical integration 
over the rotor radius gives C T and c,- , which are 

related to the tip-speed parameter and power-loading 
parameter used herein as follows: 


/ 1 


\' PqC t 

(la) 

Pq c g y t 5 

(42) 


In the application of the vortex theory it should 
be remembered that the results obtained are subject to 
such errors as arise from the assumption of independence 
of blade elements on which the theory is based. This 
assumption is believed to be satisfactory for the low 
rates of axial advance .and light disk loadings at which 
helicopters operate. 
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Nu merical app lication .- A3 in the case of horizontal 
flight explained in section 2, the power-loading parameter 
in vortical flight can be expressed as the sum of several 
contributions, which are described in this section, 
together with graphical means for obtaining them. 

The induced power-loading parameter for vertical 
flight is represented by 


Pi 


F i = 

v 


L v /A p_ 
W PQ 


The quantity F* is given in equation (2?) by the sum 
* v 

of the terms independent of 6. Then, 


UOOTi = Y„ + i /Y v - + 


• V 


P.,B‘ 


+ P 0°D f 


( 43 ) 


With B = 1, equation (k3) gives the induced power- 
loading oarameter F'j for an actuator disk in vertical 

^ v , ' 

flight. The quantity F 5 from equation (Itf) is plotted 

v 

against Y,. in figure 5 for several values of C Do . 

x v 

Calculations made for untwisted rectangular blades by 
means of the blade-element equations (33) to (Uo) show 
an increase in F, of aooroximately 6 percent. It is 

x v 

therefore suggested in figure 3 that, for untwisted 
rectangular blades, values of Fn obtained from the 

V 

curves be increased by 6 percent. 

It will be noted from equation (2?) that the profile- 
drag contribution to F v is given by equation (23) 
with pL — 0 ; that is. 


I 


5 


05 


W4.OQ 


(i|U) 


Values of Fg may be obtained for known values of Y t 
and 05 from figure l± with = 0. 
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Equation (27) has been developed for an actxxator 
disk and does not, therefore, allow for the rotational- 
energy loss in the wake of single-rotation rotors nor, 
with 3=1, for the tip loss due to finite-blade number. 
These small effects are evaluated, in sections 7h and r ’(c ) 
respectively, in terms of F po ^ (the increase in F due 

to slipstream rotation) and F- 0 due to finite-blade 
number. 


The summation of the contributions to F v gives, 
in the order in which they have been explained, 


v 1 „ * b *rot x b 

V 


( 45 ) 


The numerical application of equation (4 5 ) is 
illustrated in section 8 a. 


lx. CLIMB 


Der i vat i on . - The rate-of-climb parameter is defined 
as 


Y c = Y sin a-^ 


Oj.6) 


For known values of Y and 04 the power- loading 
parameter F corresponding to Y is given by eque- 

tion (14). When the power-loading parameter is known, 
however, the rate-of-cllmb parameter may be obtained 
conveniently as a function of the difference between 
the power-loading parameters required in climb and in 
horizontal flight at the same values of Y and of Cp^,. 

Such a relation can be obtained by subtracting equa- 
tion (it) from equation ftii). Before the subtraction Is made, 

Y cos a-j_ 

it is necessary to substitute 4 = — in equa- 

y ^t 

tion (1/.|.) and 4 = — - in equation (18). The result 

"b 

is 
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550'F - F h J 




1.1508Y t Y c 2 


( 47 ) 


In aquation (U7) the last term is considered negligible 
for normal values of o 5 and the equation may be used 
as 


55°(F - F h ) = Y 0 



( 48 ) 


The coefficient of Y in equation ( J 4 . 8 ) is also small' 
and may be satisfactorily computed from equation ( 17 ) 
with sin a = sin ch. The physical significance of equa- 


tion ( ip8 ) is simply that the excess power required for 
climb over that required for horizontal flight at the 


same speed and drag coefficient C 


Df 


is equal to the 


power necessary to raise the gross weight of the helicopter 
W plus a small correction for the changed induced loss. 


Numerical application .- Equation (1x3) is plotted in 
figure 6 for several values of Y. Use of figure 6 to 
find the rate of climb at any climbing speed necessitates 
first that, a value be found for F^ (section 2), which 
is the power-loading parameter for the horizontal-speed 
parameter Yy, equal to the climbing-speed parameter Y. 


Then, with the known value of F 


P /A JL 

'?! V W P 0 5 


calculate 


F - F^ and read Y c from figure 6, interpolating to 
the known value of Y. A numerical example is worked 
out in section Ge. 


5. SPEED FOR MAXIMUM RATE OF CLIMB 
AND FOR MINIMUM POWER 


Deri vati on. - It is approximated that the best climbing 


speed is equal to the horizontal speed for minimum power. 
The condition for minimum power is the same as for mini- 
mum F h with fixed $ IS 

A P 


and fixed tip speed QR. From 
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equation (l8), 

550 = dlh Yh ) + 2 p 0 C Df Y h'' + 1.15p 0 CT6Y t Y h =0 ( l*-9 ) 


and, from equation ( 19 ), 

d /vh y \ _ " V h/ v h _ 

dYh V h / 1 + 2(v h /V h ) 2 


(50) 


The condition for maximum 00 wer loading found by substi- 
tuting equation ( 50 ) in equation (i+b) is 


a 5P0\est(° 6Y t + ^ast °Df) = ^ 


Vh/Vb. 


+ 2(v h /V h )‘ 


(5D 


where vh/V'h 
the value of 


is given by e quation ( 19 ) and Ybest, 
Yh = V h l/f ^ for minimum F h . 


is 


Figure 7 is a nomograph for the solution of equation (51). 
The figure was constructed as follows: At Ybest = 0 

a vertical scale of <j6Yt was laid off. At Yfeest = 153 
another ordinate of 


a5Yt + 1.3(153 )CDf = + 2000^ 


was constructed in the same units. Equation ( 5 1 ) was then 
plotted on these scales with the ordinate representing 
o6Yt + 1.3Yb es tCDf • The solution for Yhest is at • » 

the intersection. of the curve (solid line) with 
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a straight line (see sample long-dash line) from the 
value of cdY^ on the left-hand scale to the value 
of a6Yj..+ 200 0 -Q on the right-hand scale. In order 

to extend the range of the vertical scale, a second 
curve of equation ( 51) has been drawn (short dash) 
based on ordinates ten times as lar s e as the vertical- 
scale values shown in the figure. The use of figure 7 
is explained in more detail on the page facing the figure. 


Numeric a l applica tion. - In orde.r to calculate the 
maximum value of the rate-6'f- climb parameter Y it is 
necessary first to find the best climbing-speed parameter 
Y’ 0QS £ and the corresponding power' -loading parameter p^» 

Values of Y toeg £ can be found by moans of figure 7* The 
corresponding value of is obtained from section 2 

for Y h = j.. The value of Y c can now be determined 

from section 4. and figure 6. A numerical example is 
worked out in section Sd. 


6. STALLING LIMIT IN HORIZONTAL FLIGHT 


Derivati on. - Stalling will occur, first at the tip 
of the retreating blade of a rotor in horizontal flight. 
This stalling Is considered a .limiting condition for 
satisfactory performance in respect to vibration, control, 
and efficiency.. In this section, the stalling limit is 
determined for rotor blades with linear twist and taper 
with the assumption of uniform axial inflow velocity v^ 

and without blade coning. 

The analysis is similar to that of reference 2 
with the following changes: 

(a) The disk is- tipped through the. angle TV L to 
provide the horizontal force required for flight in 
addition to the angle v^/V^ (see equation (19)) 
representing the effect of. uniform induced inflow 

(b) Blades with linear taper and twist are included 

The elemental thrust of the rotor disk in horizontal 
flight may be expressed as 
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d 2 T 
dx d'J/ 


bG x 

2tt 




(52) 


where 

V n = QR(x + p, sin ) (55) 


Also , 

0 = - " — (5k) 

-- + sin '4/ 

N 

where A./p, is the angle between the rotor disk and the 
resultant velocity 


\ 

k 





( 55 ) 


Blade taper is represented by the relation 


D< 


+ x(l 



(56) 


where k is the blade linear taper ratio. The blade- 
pitch angle at any point on the disk is given by 


0 x = 0 t + V 1 - x) - 0 2 sin 4/ (57) 

where 8^ is the angle of linear twist and Q p is the 
amplitude of harmonic pitch control. 

The thrust coefficient is then obtained by substi- 
tuting equations (53) to (57) in equation ( 52 ) and making 
use of the definition of O; thus. 
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O = If. f O X' 5 dx 


Then 


_ 

" TTR 


Uc 


T 


a a 


(k + x - kx ) x^ dx = 


r 2n r 1 

— I d'if ( (k + x - kx’' (x + |_i sin 2 


Utt 


!(. + 6 1 ( 1 - x) - sin \|/ 


X 


'0 ‘"0 

Performing the indicated integrations yields 


dx 


x + (j. sin ij/ 
(58) 


; 


f_T k ± k _ 

a a 5 2l> 


3 . + -- -- + ( 1 + 2k ) u 2 


n 0 


+ 2^& + k+ 2U + *V 




Hr H H 


( 59) 


The amplitude of cyclic pitch control 9^ is deter- 
mined hy the condition for zero rolling moment on the 
disk: 



(60) 
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The result is 


). (3 + 2k)9 n + 5(3 + k )6 . - 5(2 + k)\ 

P ix. ^ — k 

2 3 ' 2(i| + k) + 5(2 + k)p 2 


( 6l) 


The lift coefficient at the tip of the blade is 
given by 


- Qp si* 1 b _ fty 


c , = a (9 . - 9 n sin b - 

l>*r. \ T 2 


+ ji sin by 


3 TT 

For the retreating blade, b = ~ and 


(62) 


-t = 8 ( 6 


\ 


6 t + 0 2 ‘ , 


(63) 


By means of equations ( 59 )> (6l), and (63), values 
of cY 4 .^l~ t~7t-) may be calculated for given values of 


W?) 


7 > a, 9 , , and k have been 
6 t 1 


curves 


^/jj, and p, when c 

selected. Por the values c 7 = 1.5 and a = 6, 

2 ^ 
of aY 4 - against \/(i for several values of ^ are 

plotted on the upper part of figure S with 6^ = 0 

and k = 1, that is, for untwisted rectangular blades. 
The arbitrary choice of the conditions c^ = 1.5 and 

a = 6 involves fundamentally the choice of an absolute 
angle of stall 


c, 

l t 

a 


1.5 


= O.25 radian 
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for use in equation ( 65 ) and of the value a = 6 as the 
coefficient of a in equation (59)* Accordingly, the 
results obtained apply to all values of a for which 




a 


= 0-25, 


provided 
/ 


that the valus 


obtained for 
twist is 

illustrated in figure 9 where aY^.^/1000 is plotted 

[L = 0.3 


multiplied by o/a. The effect of^linear 


against the linear twist 9 ^ for 


and ^ = 0 . 1 . 


Taper is shown in figure 10 to have a negligible effect 
on the stalling limit over the range of taper ratio 
shown . 


In order to use the stalling-limit curves in fig- 
ure 3, it is necessary to find X/p for each operating- 
condition. From equations ( 11) , (19), and (55)/ 


X 


u 


2p 0^V 



( 61) ) 


X/'p 


in the lower part of figure 8 , 


for a range of values of 




plotted against 
with B = 1. 


Numerical applicati on. - In order to calculate the 
? 

stalling limit cY/ it is necessary first to find the 

value of X/p. This value may be determined by means 
of the set of curves in the lower part of figure 8 for 

a given value of ~ + 2C n . The stalling limit aY + ~ 

^ D f b t 

is then read from the upper part of the figure for the 
given value of p. The value of o corresponding to the 
stalling limit oY^ may be compared with the known value 

of a to find whether the given solidity is greater or 
less than that required for a maximum lift coefficient 
on the rotor blade (at the tip of the retreating blade) 
of 1.5« The value of the stalling limit aY^ corresponding 
to a given Y^ may also be obtained by making successive 
approximations to a. 
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Figure 8 is for untwisted rectangular blades. In 
order to find stalling lirrits at angles of attack other 
than O .25 radian and for blades with linear twist and 
taper, charts similar to that of the upper part of fig- 
ure 8 can be plotted from equations ( 5 9 ), (6l), and ( 63 ). 

A numerical example illustrating the use of the charts 
is worked out in section 8c. 

It should be noted that figure 8 has been constructed 
for zero coning angle. The effects of coning are discussed 
in reference where coning Is shown to increase the lift 
coefficient at the tip. of the retreating blade. A similar 
effect of blade radial curvature is shewn in reference 6. 
Thus, when figure 8 is applied to actual coning blades, 
the stalling angle of attack is somewhat higher than the 
value of 0.25 radian for which the figure was made. 
Reference S also corrects the angle of attack at the 
blade tip for the average tip-loss factor B by assuming 
that the disk loading is effectively increased by l/E^. 

The correction for tip effects on the retreating blade 
is not known, however, and is probably considerably 
different from the average correction for the disk. As 
s. result of these blade-deflection and tip effects, the 
method that has been ore sent ed herein for determining 
the tip-stalling limit does net specify the actual angle 
of attack at which the tip will stall. The chief value 
of charts like figure 8 should be in correlating the 
incidence of stall with helicopter design parameters and 
operating conditions. 


?. SUPPLE aIENTAEY TOPICS 

a. Effective Blade Profile-Drag Coefficient 5 

Derivation . - A method of calculating the profile- 
drag po-wer loss of a rotor in forward flight is explained 
in reference 7* The method involves calculation of the 
blade-element angles of attack at $60 stations over tne. 
rotor disk and graphical integrations along the radius 
and around the circumference. Reference 7 also presents 
contour maps of the angles of attack of the rotor-disk 
blade elements for untwisted rectangular blades. Exami- 
nation of these contours suggests that some of the work 
involved in finding the profile-drag power loss may be 
eliminated by the use of an average effective blade 
profile-drag coefficient 6, with the approximation 
that the drag coefficient is constant along the blade 
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and equal to the value near the tip. This approximation 
is suggested by the relatively small charge with radius 
of the average angle of attach per revolution indicated i 

by the contour plots of reference 7* T -^ se th® tip- | 

drag; coefficients as representative is further suggested 
by the fact that the drag power loss is predominantly 
determined by the tip drag coefficients, as is shown by ^ 
the weighting curves presented in figure 8 of reference 7* 

The drag power loss is also shewn by equation (8) to 

increase with nearly the cube cf the radius for constant 

blade drag coefficient. ' 

The method presented herein for determining 6 is 
based on approximations suggested by the foregoing con- 
siderations. The determination of S is made first for 
untwisted rectangular blades neglecting axial inflow, in 
which case the angle of attach a is constant along the 
radius but varies with azimuth \J / and tip-speed ratio ;u. 

The effects of inflow and blade shape are then briefly 
considered. The method consists in calculating values j 

of the blade-element lift coefficient c^ as a function 
of aY. 2 , [i, and \|/ and using c. to read c d from \ 

u v O f 

the airfoil polar. The values of c d thus obtained 

O L 

are then multiplied by weighting factors and Integrated 
graphically to find 6. In order to find c,, the value 

of 6 is first obtained from equation ( 57 ) for x = 1 

X ■“ 1 


9 > _ 1 “ e t - e 2 Sin \lf (63) 


where 




9 x=l 

blade pitch angle at tip and. at 

azimuth 


CD 

C+ 

blade pitch angle at tip and at 

azimuth 

<r 

II 

O 

0 2 

amplitude of harmonic pitch cent 
balance of the rotor 

rol for 

lateral 

Also , 

from equation (6l), for 9^ = 0, 

II 

H 

v# 

, A- 

smd z 


2 6 + 9p, 2 


(6 


CONFIDENTIAL 


NAG A ACR No. L5EO4 CONFIDENTIAL 

where u is the tip-speed r o v. r /QR . 
From equations (65) and ( 66 ), 
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9 x=l = 6 t l 1 ~ 


l6p. 


6 + 9j/ J 


sin "vj/ 1 


(67) 


Similarly, from equation (59) > for 6,-0, k = 1 
and — = 0 , 


. f * 

6 T 


a 06 . 


= -(2 + 5 


- 


8 . 


2 + J p. 


( 68 ) 


Suostituting for 9, from equation (67) with 0 - 


x a 


and Cm = y 

p v. 

r ^ .*. r 


results in 


2 + pp, 2 


16 


ac l Y t 


2 _ i£ 




sin 'i/ 


N n f „ ,;\2 /- 2 

0 (2 + pH-y " lop, 


(69) 


Q 

Curves of oc Y I_ /1000 from equation (69) are Dlotted 
\|/ { * 

against — - ~ in figure 11 for a range of values of 4. 
The weighting factor will be obtained as 


W.F 


2tt 


p 5 + V h^n ; 


d 

dO 


:■ ( p > + v *%) 


(70) 


where p,- and are given In section 1. The result 

of performing the differentiation indicated in equation (70) 
i s then 
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W.F. - 


(u 3ln t + 1)^ - (u 3in ^) j| 


1 + 3 ! 


(71) 


The value of 5 may be obtained graphically as 



(72) 


In the upper part of figure II, W.F. is plotted against 

lif 1 , _ . 

— - — for several values of p. 

TT 2 


Numerical application . - The curves of c c^Y^/lOOO 
in figure 11 are used to calculate values of c^ for a 

number of values of - - - ranging from 0 to 1. The 

tt 2 


corresponding values of c d from the blade airfoil- 


profile polar (see, for example, fig 
multiplied by the weighting factor’s 
figure 11. The products (W.F.)c^ 


12) are then 
W.F. read from 
are plotted 


against 


. n 1 

— - — and the value of 


l o 

5 


is given by the 
curve is shown 


tt 2 

area under the resulting curve. Such a 
in figure 1J (solid line). For blades w'th section profile 
varying along the radius, it Is suggested that the polar 
for the section at x = 0.3 be used. The use of figure 11 
is further explained on the page facing the figure. 


Blade twist and the flow through the disk will affect 
the value of 5. These effects become exaggerated when 
the blade loading is sufficiently high to cause the blade- 
element lift coefficients to reach the steeply rising portion 
of the drag-lift curve, that is, when the stalling limit 
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is approached. In 
rnation to 5 will 


sued cases 


expressed as X/p, on the 
constant a. The values ol 


es a 

7?20 

CD 

CO 

ati 

s factory approxi 

ned 

•°7 

including the effect 

the 

eff 

ect 

of 

inflow angle. 

stal 

lin 

g li 

;?ii t 

aY^ for 

0 

1 n 

1 

0 

btai 

ned 

from figure 11- 

. val 

ues 

of 

c d 

from the 

. be 

inc 

re as 

ed 

0 

in approximately 

ri se 

in 

the 

s t. 

all ing- limit 


curve from — = 0 to the value of X/4 given by fig- 


ure 8 . 




The effects of blade taper and twist on 6 could 
be handled in a similar manner but the determination of 
these effects is considered outside the scope of this 
paoer . 

A numerical example is worked out in section 8. 


b, Rotational -Energy Loss 

In figure 1I4. , figure 38 of reference 2 is for con- 
venience reproduced in part in terms of the parameters 
of the present paper. Figure I4 shows the variation of 
the figure of merit M with Cm in hovering for the 
condition of approximately constant axial velocity along 
the radius without profile drag. The "i.deal" condition 
of the actuator disk without slipstream rotation is 
represented by the horizontal line at M = \J2. . The 
difference between the two conditions on the graph, 
therefore, represents the effect of slipstream rotation. 
The difference can be translated into a correction 
to be added to the values of F for the actuator disk 
as used herein. 


-h 


It is assumed that F ro ^ is proportional to both 

and F* . In that case, from the definition 
v 




( 73 ) 
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it follovrs that 


I 


r ot 

F, 

1 



(7k) 


The effect of [i on the rotational-energy loss is 
neglected. In addition, the effect of blade shape is 
left to be determined. 

Figure IS shows the curve of the rotational-energy- 
loss ratio F i>ot /F i plotted against Y t . The quantity 
F ro ^. irust be added to the values found for to 

correct for rotational-energy less. 

c. Effect of Number of Blades on Performance 

The effective-diameter factor B is given in refer- 
ence 8 by an expression, ‘which in the symbols of this 
paper becomes 


B 


1 



For- small X, this equation simplifies to 



(76) 


where, for vertical flight. 




( 77 ) 
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Solving equations (76) and (77) Nor bY, and using the 

T3 

expression (2b) for v /V v yield 


bY t = 0.678 


Y ' 
1 v / 


r 




P 0 y v 2 B 2 


1 - B 

Curves of B against bY^ for several values 
of Y„ are shown in figure 16. Also shown in this 


(73) 


v 


figure are curves for several values of Y^. These 
curves were obtained as follows; 

In horizontal flight vdth Y = 0 


\ = 


rr V 

"i-, Ay, 


V 


'h _ 

XT 


(79) 


From equation (79) and the expression for 
tion (20)), 



( equa- 


\ = 



\ O' 


0) 


and substituting equation (80) in equation (76) gives 


r 

b ~ 1 - 7^5 (81) 

bY t 

The function F* is plotted against Y b in figure 2 
and curves of 3 against bY^. are plotted in figure l6 
for several values of Y- r ,. 

The effect of bY t on F v remains to be determined. 
For convenience, the increase in F due to a finite 
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nurr.be r of blades is represented by F- 0 - Then, from equa- 
tion ( 27 ), 


F b = 


1 

550 


~ — 4 * 

4 


Y_ 


2P 0 B 2 V 4 



/ Co \ 
v /' 


In figure 17 ere plotted curves of F b against 

for hovering and vertical climb. Also shown in this 
figure are curves for several values of Y- a , which 
were obtained as follows ; 

From equations ( 19 ) and (20), 


toY. 


(55°U h r [\ 550F i h / 


pi 

+ Z. I = 


1 r 2li 

4P 0 3' 


( 83 ) 


Then at any Y^ is the difference between 

calculated from, equation (c3) with B from equation (41) 
and Fi for B = 1 (fig. 2). Curves of F- against 
h 

bY-t arc plotted for several values of Yy. in figure 17 

Although the theory thus applied to horizontal flight 
was derived only for vertical climb, it is considered 
satisfactory in view of the smallness of F^. 

For a typical value of bY^ = 1000, = O.OOO 5 

in hovering or a correction on of only 2 percent. 

V 

It follows that but little improvement in aerodynamic 
performance can result from increasing the number of 
blades without changing the solidity. 


8 . EXAMPLE 


The method for calculating the performance of 
helicopters by means of the charts that have been 
developed herein is illustrated for- a conventional 
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helicopter similar to the Sikorsky YR-I+. In these 
calculations the effect of blade shape is not fully 
accounted for. The performance characteristics to be 
determined are: 

(a) Power required for hovering 

(b) Power required at 4 = O.R (high-speed condi- 

ti on) 

(c) Stalling limit, in high speed 

(d) Best climbing speed 

(e) Maximum rate of climb 

The following values are selected as the design 
specifications: 

Gross weight, W, pounds 255® 

Fuselage lift Negligible 

Blade shape (see sketch, 

fig. 18) Tapered and twisted 7° 

Number of blades, b 3 

Blade-element profile (conventional rough) 

Airfoil polar of figure 12 adapted from 
reference 7 

Rotational tie speed, OR, feet per second I4.80 

Blade radius, R, feet 19 

Fuselage equivalent flat -plate area in 

horizontal flight, f }l , square feet 20 

Density ratio, P/ Pq • 1 

From the foregoing values, the following essential 
quantities are first calculated for subsequent use in the 
perf ormance calculations: 


A = II 34 


T 




= O.OI 76 
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•tr 

x t 


= y w ^ = 520 


I A p 


W P ( 


0 


and by graphical integration 


4 | o^x-^dx = 


0.05 b 


0 


a. Power Required for Hovering 

The power required for hovering is calculated as 
the sum of four contributions. The condition of hoverin 
is treated as a limiting case of vertical flight. Expre 
in terms of power- loading parameters. 


= p . 


rot 


p 


where the contributions are, respectively, due to rotor- 
blade drag, axial- induced loss, rotational -energy loss, 
and 'blade-tip loss due to a finite number of blades. In 
this example, these contributions will be calculated and 
totalled. 

In order to find Fg , it is necessary to find 0, 
the average effective blade profile-drag coefficient. 
From figure 11, for 4 = 0, 


Therefore , 


cc l Y t 


25OO 


2500 

°l = 

oY t 

_ 2500 

0.056 x (320) 2 

- 0.104. 
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From the airfoil polar (see fig. 12 ) 


6 = 0.0122 

From figure [l the profile-drag power loss is given 
in terms of by 

Fc 

O _ in 1 7 

~ J- ( • | 

C 5 

The re f o re 


= 0.0S6 x 0.0122 x 17.7 


0.0121 


From figure 5 at Y v - 0 read the induced-power-loss 
term for untwisted rectangular blade's 


F, = 0.026)4. x 1 . 0 ( 
1 v 

= 0.0280 

From figure 15 read at Y+. = 3 ^ 0 . 


o 


f rot 

F. 

1 


= 0.0115 


The rotational-energy-loss term is therefore 


F . = 0 . 0115 F, 
rot y !■ 


= 0.0115 x 0.0280 

= 0.0003 
CONFIDENTIAL 
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From figure 17 read for Y v = 0 at bY^_ - 9^0 the 
blade-tip-loss term F-> 0 = 0.0006. Then compute 


r 

v 


Fo + Fi + F . + F. 

u V 3T*0 u 0 


= 0.0121 + 0.02S0 + 0.0003 + 0.0006 


= 0.0410 


From the definition of F v , 


F v 


F v / A 

w !/ w p 0 

;alculate for the given values of A and W 


P v - F. 


v ! y 


it 


= o.olrio x 2550 x 1.5 


= 157 horsepower required to hover 

The value thus obtained applies to untwisted 
rectangular blades. Such a calculation is useful for 
determining the effects on hovering of all the aero- 
dynamic design variables. Wien the effects of blade 
shape are of' primary interest, however, blade-element 
computations may be made by equations (35) > (39) > & nd U|0) 
and the thrust and torque coefficients may be found by 
graphical integration. Wien this procedure is followed 
for the given tapered blade with 7" linear twist, it is 
found that the profile -drag loss Is unchanged but 
F. = 0.0273; that is, by the short method the induced 
1 v 

loss calculated is too large, by 3 percent . The power 
required for hovering is then ly.i instead of 157 horsepower. 
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This comparison does not take into account the change in 
fuselage down load due to the changed rotor- slipstream 
velocity distribution. It is noted, however , that 
improvements in blade design which decrease the induced- 
power loss must increase the downwash .through the central 
portion of the rotor disk beneath which is generally 
located the widest part of the fuselage. The resulting 
increase in fuselage vertical drag tends to reduce the 
net gain from improved disk loading. 


V.hen the effect of blade 3hape on hovering perform- 
ance is to be determined, the ind'uced-power-loading 
term Fj_ should be obtained from, element calculations 

but the profile-drag loss as determined from 5 is 
generally satisfactory. 


b. Power Required for High Speed 

The power required for high-speed horizontal flight 
is calculated as the sum of five contributions. Expressed 
in terms of power-loading parameters , 


P h = 


’6 


+ 


•h 


+ F< 


L h 


‘rot + F b 


where the contributions are due, respectively, to rotor- 
blade drag, fuselage drag, axial-induced loss, rotational- 
energy loss, and blade-tip loss due to a finite number 
of blades. In the example, these contributions will be 
calculated and totalled. 

In order to find F fi , it is necessary, as in the 
case of hovering (section 5a), to find 6. From figure 11 , 
for p = O.J, read values of oc 7 y. “/1000 at a number of 
abscissa stations from ^ > = = 0 to 1. For each station 
calculate c 7 by use of the given value of 


2 

° V t _ 0.056(320)* 
1000 1000 

- 5-74 
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For each value of c 7 

thus obtained, 

re ad 

c^i from 

J 0 


the airfoil polar (fig. 12 ) and multiply each value 
of c^ by the weighting factor T. F. read from the 


upper set of curves for g = O.J. Then plot these 
products against the abscissa and integrate graphically. 
The result is 5. For the given blade the curve of 
(W. F. )c^ is shown by the solid-line curve in figure 13 

and from the area under the curve 6 = 0.0121. In the 
determination' of 8 in the manner just described, the 
effect of the inflow through the rotor disk has been 
neglected to simplify the explanation, ''fhen this. effect 
is to be considered, the procedure for finding o is 
altered, as explained in section Ja , in- the . following 
manner; 

Calculate the value of — + 20-r^ . -In this case, 

g fh 

the value of 8 found for hovering may be conveniently 
used because, the final determination of 8 for. horizontal 
flight is relatively insensitive to the . approximate value 
used at this point. Then, 


08 


b . 0^6 v 0.0122) 


°fv, 


0 X 

■J . 


+ (2. X 0.0176) 


= 0.0375 


Calculate Y Vj = ixY^ 
the curves of — + 


= 9° and then interpolate between 
2Cp„ in the lower part . of figure 8 


to the value 0.0575 an ^ Y^ = 96 , proceed upward to 

the' curve of g = 0.5 in the upper part of the graph and 
read the stalling limit = 6270. For the same curve 

of u, read also at — = 0, oY+-^ = 3500. The ratio of 

h p 

these two -values of oY^ is now" to- be used as a factor 
to increase the- values of c 7 obtained from the. lower 
part of figure 11. The resulting curve of ( :! 7.F. )o, 

o 

is shown dashed in figure 15 and gives, the value 
8 = 0.0127. 
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From figure If. read for Y±. = 520 


as(l + if. . 6-u 2 '} 

Therefore, the profile-drag power loss is given by 
F 5 = 17 . 705(1 + 

= 17.7 X 0.056 X 0.0127 x (1 + O.Ul) 

= 0.0178 


From figure 5 read, for - pY*. - 0. 5 x 320 - the 

quantl ty 


tp 


lh - 1.77 


'Df 


h 


Therefore, 



1.77 



= 1.77 x 0.0176 


= O.0512 


From figure 2 read the induced-power loss for Y- tl - 96 


F* = 0 . 00[f.0 
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F rot 

From figure 15 read at Y ^ = 320 , -t— * ~ 0 

^ 1 

hence the rotational-energy-loss term 3 s 

F rot = 0.0115F,. h 

= 0.0115 x 0.00ij.0 
= 0.00005 

which is negligible In comparison with F' b . 

From figure 17 for bY fc = 3 x 320 = 96 
Y - 0 the tip- loss term 

F b = 0.0006 


Then, find the sur 


= F* + F’f. + F‘i + F 


rot 


+ F 


X h X h 

= 0.0178 + 0.0312 + 0.0040 + O' 
= 0.0536 


From the definition of Fv , 


F h h 


v - - /- A JL 

^ w \j w F 0 


calculate for the given values of A and 


P h 


= F h W fl 

= O.O536 x 2550 x 1. 
- 205 horsepower 


ACR No. L5E04 
.0115 and 


0, read for 


+ 0.0006 


•" 
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This power is required by the rotor in horizontal flight 
at g, = 0.3, that is, at 98 miles per hour. 


c. Stalling Limit in High Speed. 

In order to estimate whether a rotor has sufficient 
solidity to avoid stalling ip the high-speed flying 
condition, the stalling limit is calculated by means of 
a chart similar to figure 8 . The upper part of figure 8 
applies only to untwisted rectangular blades. The effects 
of linear twist and taper are illustrated in figures 9 
and 10, respectively, for the condition p = 0.3 

X 

and — = 0 . 1 . Also, graphs similar to the upper part of 

figure 8 can be constructed for any combination of linear 
twist and taper by means of equations ( 59 ), ( 6l ) , and (63) 
developed in section 6. For other blade shapes it may 
be possible to obtain analytic solutions for the actual 
blade twist and taper, as was done in section 6 for the 
linear shapes, or it may be desirable to obtain some 
experimental points and to fair in curves for an approxi- 
mately equivalent linear twist and taper. 

In the present example, the stalling limit is 
determined for untwisted blades of the equivalent solidity 
of the blade sketched in figure l 8 in order to illustrate 
the use of the type of chart of figure 8 . The procedure 
follows: Calculate Y h = pY t = 96. Also, with the value 

ction 8b for high-speed flight 


0.096 x 0.012? 

0.3 

0 . 0023 


= 0.0023 +(2 x 0.0176) 


of 6 obtained from se 

05 _ 
k 


05 


+ 2C 


D-r, 


= 0.0375 
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The stalling limit can now be read from figure 8. 
Interpolate between the curves of ~ + 2 C_ in this 

LI l)j r* 

th 

figure to the value 0.0375 Bn & at ^ = 9° proceed 
upward to the curve jj, = O.J in the upper part of the 
graph and read the stalling limit oY t ~ = u.270. For 
Y t = 320, o = 0.0U2. 

Since this value of a is some 25 percent smaller 
than the given value of C.O56, the given blade solidity 
is sufficiently large to avoid stall. Note that fig- 
ures 9 and 10 show that the effects of twist and taper 
are to lower the stalling limit still further. As 
explained in section 6, figure 8 should be regarded as a 
means of estimating relative tendency to stall and not 
as determining the actual operating condition at which 
stall occurs. 


d. Dost Climbing Speed 


The best-climbing-speed parameter is given 

in figure 7. Ir. order to use this figure it is necessary 
to calculate a5Y t in which the value of 5 is for 
horizontal flight "at the best climbing speed. The value 
of 6 = 0.0122 obtained for hovering in section 8a may 
be used satisfactorily because in this example 6 varies 
only slightly with jx and increases to only 0.0127 at 
g = O.3. Then , 

J5Y t = O.O56 x 0.0122 x 52O 

= 0. 22 


Also, 


200C- =200 x O.OI76 


= 5 


52 


o5Y t + 200C = 3.7k 


n 
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A straight edge is then laid on figure 7 passing 
<76 Y t 

through ■ = 0.022. on the left-hand scale and 




10 
+ 200C 


D. 




0.574 on the right-hand scale. 


The intersection with, the dash-line curve is at 

-? 


Y . = 1iO.Il. The first approximation to u 
best yT' . ).n ) 

fore, hkSJLt - ±_:i± = 0.126. With this value of g., 
Y t 


the re - 


520 


second approximation to 6 could be calculated for use 
with figure 7 by the procedure of section 8b but, as 
in this case, the first approximation is usually sufficient 
because the increase in 5 with u is small. The best 
climbing speed is therefore 


/ v, r p o 

^best ~ ^best y ^ ~ 


= U0.4v^ 


= 60.6 feet per second 


= ill. 5 miles per hour 


e. Yaxirum Pate of Climb 


maximum rate of climb is obtained with Y = Y- Ooc ,^. From 
section 8d, Y bec ,.|- - h C . ip . The value of F lf .. for 
y . = y h = 1x0.4 is obtained by a procedure similar to 

that of section 8b. The result is (on the assumption 
that C-p-. = Ct*_ \ 

hj 

h = p « *h 

- 0.0156 + 0.0026 + 0.0093 + 0 + 0.0006 
= 0.0281 


^f. 


Pv. = F* + Fr + F«. + F rot + p b 
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Section 8 

Also, if the available rotor power is assumed to be 
200 horsepower, 


F = 



200 

25S0y2725 


= 0.0523 


and 


F - F h = 0.0523 - 0.0281 


= 0.02) ’.2 


From figure 6, read Y c iQr Y - Y feeg1 _ - U-0 . ; 
13.5. The maximum rate of climb is therefore 


fa Pq 


l ' c Y c V A p 


= 13 0V 2 *2 5 


- 20.25 feet per second 
= 1215 feet per minute 


CONCLUDING REMARKS 


The relations among the principal helicopter aero- 
dynamic design and. performance variables have been expressed 
in terms of power-loading parameters and speed parameters, 
both of which are functions of the rotor disk loading. 

The relations among these parameters have been plotted 
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for various conditions of steady powered flight to 
reduce the labor necessary to use them in numerical per- 
formance computations. In a concluding numerical example 
sample computations, which may be used as a general guide 
for other calculations, are worked for a conventional 
type of helicopter. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
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APPENDIX 


SYMBOLS 


rotor-disk area, sq ft 


slope of the lift curve 



rotational interference factor 


factor applied to rotor-disk diameter to allow for 
blade-tip effect due to finite-blade number 


number of blades in the rotor disk 


blade chord 



helicopter drag coefficient 
exclusive of rotor blade 



along flight path, 

3 , based on rotor-disk 


area A 


rotor— blade-element profile-urag coefficient 


rotor-blade-element lift coefficient 


torque coefficient 


thrust coefficient 



helicopter drag, lb 

power-loading parameter for any flight 



increase in F due to finite -blade number 
increase in F due to slipstream rotation 
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f 

k 

M 

P 

P 

3 

R 

r 

T 

v 


V 


V’ 


V" 

V c 

w 

W.F. 

x 

Y 


Y 


c 


k? 


fuselage equivalent flat-plate area based on unit- 
drag coefficient, sq ft 

blade linear taper ratio 


figure of me r i t 


>5°ryp 0/ 


rotor power, h o r s e p o we r 

rotor power, ft-lb/sec 

rotor torque, Ib-ft 

rotor-disk radius, ft 

radius to a point on rotor blade, ft 

rotor axial thrust, lb 

induced axial velocity in rotor disk, ft/sec 
( pos i t i ve downw ard ) 

velocity of the helicopter along its flight path, 
ft/sec 


resultant wind velocity through the rotor disk, 
ft/sec 

resultant velocity of a rotor blade element, ft/sec 
rate of climb, ft /sec 

gross weight of the helicopter minus the fuselage 
lift. I'd 


weighting factor 


radius ratio 


W 


helicopter velocity parameter (V \J— 



helicopter rate of climb parameter I V r 


Ik _p_ 
W p„ 


CON FT DENTIAL 


1*8 
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V. 4- 

best 


a i 

JL 

a 

a r 

r 

5 


value of Yj. for minimum F h 
rotor tip-speed parameter 

angle between flight path and horizon, radians 

angle between rotor disk and flight path, radians 

blade-element angle of attack from zero lift, 
radi ans 

angle between rotor disk and horizon, radians 

rotor-blade average effective profile-drag coef- 
ficient 


blade-element pitch angle, radians 
j'e. + 0 1 (l - x) - 9-j sin \|/ j 

blade tip angle at zero azimuth, radios 

angle of linear twist of the blade, radians 

amplitude of harmonic pitch control for lateral 
"balance of the rotor, radians 




Po 


v 


\ - I — + sin a 


u 


c os a n 


■; \QF is speed of axial flow 


through rotor disk (positive downward) 

ratio of the horizontal component of speed of the 
helicopter to the rotational tip speed of the 
rotor 


k - 


V cos a-i 
QR 



mass density of air at altitude 

mass density of air at sea level 
(0.002 3 7 slug/cu ft) 
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0 angle of inflow, radians 

^ blade azimuth measured from down-wind position in 

direction of rotation, radians 

Q rotor angular velocity, radians/sec 

Subscripts ; 

f due to fuselage drag 

h for horizontal flight 

1 induced 

t at the blade tip 

v for vertical flight 

x for the radius ratio 

6 due to blade profile 


(i = x ) 

drag 
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Fig. 1 



Figure 1.- Rotor geometry. 
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Figure 2.- 
f li ght 


Induced power-loading parameter in horizontal 
h 


F iu against horizontal-speed parameter Y^. 
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Figure 3.- Chart of f tt /% against horizontal-speed 

parameter 
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0 - 8(1 + A.6n&) 


against horizontal- speed 


parameter Y^« 


Figure 4.- Chart of 
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Fig. 5 
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Figure 5.- Minimum induced power-loading parameter in vertical 

flight F: . (For untwisted rectangular blades F; is 
x v v 

increased 6 percent.; 


\ 




NACA ACR No. L5E04 


Fig. 6 
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Figure 6.- Chart for finding the rate-of-climb parameter 
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HOW TO USE FIGURE 7 


In order to find the horizontal speed for maximum 
power loading, calculate o5Y t where 


a 


rotor-disk equivalent solidity 
blades, o = ~ at x = 1; 

TT n ^ 

plan forms , a = / a x^dx) 

J o x J 


^For rectangular 
for other blade 


5 rotor-blade average effective profile-drag coef- 

ficient 


Y. = QR 


Vw p 0 


where 


QR = rotational tip speed, fps 


Calculate 200 C n where 

D f 



helicopter drag coefficient in horizontal flight 
exclusive of rotor blades, based on rotor-disk 
area A 


Lay a straight edge from the value of OSY^. on 
the left-hand scale to the value of Q dY^ + 200 on 

the right-hand scale and read, as illustrated by the long 
dashed lines, the intersection with the solid curve on 

the scale of Y, ^ ± = Vi/~ where V is the horizontal 

best V W Pq 

speed in feet per second for maximum power loading. In 
case the value of o6Y^ + 200 Is greater than 0.6, 

read the vertical scales times 10 and use the short-dash 
curve to find Y be3 ^. 


The use of figure 7 is illustrated by a numerical 
example In section 8d. The equation of the figure is 
derived in section 5* 
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HOW TO USE FIGURE 8 


The solidity o on the figure is for rectangular 
blades with a lift coefficient of 1.5 at the tip of the 
retreating blade in horizontal flight. The figure is 
read as follows: 


0 rotor-blade average effective profile-drag coeffi- 
cient (see fig. 11) 

u ratio of the speed of the helicopter to the rotational 
tip speed of the rotor blades 

C_ helicopter drag coefficient in horizontal flight, 

D f exclusive of rotor blades, baaed on rotor- 
disk area A 

Read the figure as shown by the dashed lines, entering 
the chart with the value of Y h on the lower left-hand 


upward to the curve of p and reading the required value 


is larger than the given 0, the blades are too narrow 
for a tip lift coefficient of 1.5. The value of a 
required for a lift coefficient of 1»5 ® a Y he obtained 
by successive approximations. 

The use of figure 8 is illustrated by a numerical 
example in section 8c. The equations of the figure are 
explained in section 6. 


Calculate 



where is the hori- 


zontal speed in feet per second. 


® equivalent 


Calculate 



scale and tram the curve of 



projecting 
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Fig. 8 



Figure 8.- Chart for determining the stalling limit crY^ for 

untwisted rectangular blades. 


Fig. 9 
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Figure 9.- The stalling limit cr Y t 2 against blade 
linear twist for jj. * 0.3 and A. * 0.03. 
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Fig. 10 
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Figure 10.- The stalling limit crY t 2 against blade linear 
taper for n * 0.3 and k * 0.03. 
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HOW TO USE FIGURE 11 


In order to find the effective profile-drag coeffi- 
cient 6, first read from the figure values of ac^Y^ 

and W. F. for several stations along the abscissa 

/\|/ i\ 

from - 2 / = 0 to 1 and for the appropriate value 
of [i , where 


o 


equivalent solidity 



c^ rotor-blade-element lift coefficient 
Y^. rotor tip-speed parameter = ftR 

\i ratio of the horizontal component of speed of the 
helicopter to the rotational tip speed of the 

( V cos aA 
“ * ' QB ) 

From the known value of oY^ , compute c^ for each 

station selected. From the airfoil polar for the blade 
section at the 0.8 radius, read values of the profile- 
drag coefficient c d ^ corresponding to c^ and plot 

(W. F. ) c do against ^ as illustrated in figure 1J. 

The area under this curve Is the value of 0. 

The use of figure 11 Is Illustrated by a numerical 
example of section 8. The equations of the figure are 
explained in section 7 a * 
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Figure 11.- 


Chart to be used in determining the 
profile-drag coefficient S. 


effective blade 
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Figure 12.- Airfoil section profile-drag coefficient c dQ 
against lift coefficient for rough conventional section 
(adapted from figure 1, reference 7, with a « 5.85). 
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Figure 13.- Sample graph for finding 8. cY t 2 
airfoil polar from figure 12. 
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Figure of merit, 
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Figure 14.- Comparison of optimum rotor, without blade 
profile drag, with actuator disk. (From reference 2.) 
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Fig. 15 



Figure 15.- Correction to F for slipstream rotation 



against Y t * 
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Figure 16.- Curves of B against bY t for several values of Y y 


h* 


and Y 
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Fig. 17 



Figure 17.- Curves of the tip correction F b against bY^ for 
horizontal flight, hovering, and several rates of vertical 
climb . 
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gure 


18.- Sketch of sample helicopter blade. 


Linear twist, 7°. 
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